Biological processes that drive cell growth are exciting targets for cancer therapy. The fibroblast growth factor (FGF) signaling network plays a ubiquitous role in normal cell growth, survival, differentiation, and angiogenesis, but has also been implicated in tumor development. Elucidation of the roles and relationships within the diverse FGF family and of their links to tumor growth and progression will be critical in designing new drug therapies to target FGF receptor (FGFR) pathways. Recent studies have shown that FGF can act synergistically with vascular endothelial growth factor (VEGF) to amplify tumor angiogenesis, highlighting that targeting of both the FGF and VEGF pathways may be more efficient in suppressing tumor growth and angiogenesis than targeting either factor alone. In addition, through inducing tumor cell survival, FGF has the potential to overcome chemotherapy resistance highlighting that chemotherapy may be more effective when used in combination with FGF inhibitor therapy. Furthermore, FGFRs have variable activity in promoting angiogenesis, with the FGFR-1 subgroup being associated with tumor progression and the FGFR-2 subgroup being associated with either early tumor development or decreased tumor progression. This review highlights the growing knowledge of FGFs in tumor cell growth and survival, including an overview of FGF intracellular signaling pathways, the role of FGFs in angiogenesis, patterns of FGF and FGFR expression in various tumor types, and the role of FGFs in tumor progression.
INTRODUCTION
Fibroblast growth factors (FGFs) and their receptors form part of a unique and diverse signaling system, which plays a key role in a variety of biological processes. Their diversity is largely evolutional, occurring during a two-phase developmental process [1, 2] . In the first phase, during early metazoan evolution, FGF genes increased from two or three to six genes by gene duplication. In the second phase, during the evolution of early vertebrates, the FGF gene family expanded by two genome duplications. This evolutional process, saw the FGF gene family expand to at least 22 different genes encoding related polypeptides [1, 2] . However, human FGF15 has not been described, and human FGF19 is a possible homolog of the mouse FGF15, raising the possibility that human FGF19 may be identical to mouse Fgf15. The 22 FGFs in humans can be classified into several subgroups, based on their alternative splicing events, thereby generating receptor isoforms with dramatically altered FGF binding specificity [3] . Through the use of splice variants, multiple different receptor types are possible [3] , dramatically increasing the selectivity of FGF binding (Fig. 2) . Different exon usage produces transcripts that result in the translation of proteins that can be prematurely truncated and lack Ig-like domains or utilize different exons coding regions for the same Ig-like domains. One of the most important mechanisms involves the alternative splicing of the IgIII domain. The IgIII domain of FGFR-1, FGFR-2, and FGFR-3 is comprised of an invariant IgIIIa exon alternatively spliced to either IgIIIb or IgIIIc. The differential expression of IgIIIb and IgIIIc is important in determining FGF signaling specificity. For example, FGF-7 is known to bind to FGFR-2(IIIb), but not to the closely related FGFR-2(IIIc) thus explaining the high level of specificity of this ligand. The ligand specificities of the FGFR family are shown in Table 1 .
FGFs are small polypeptide molecules that reside mainly in the extracellular matrix where they form complexes with heparin and heparan sulfate proteoglycans. Bound FGFs can act either directly on target cells or be taken up intracellularly upon their mobilization from the matrix by degradative enzymes such as proteases. The discovery of FGF-binding protein, a 17 kDa secreted polypeptide, which can act as a carrier protein for FGFs within the extracellular matrix, points to an additional mechanism for the interaction of these growth factors with their specific cellular receptors. There is controversy regarding the exact manner by which this occurs, although it is thought to involve the induction of receptor dimerization and be heparin-dependent [30] . The release of FGF from the extracellular matrix through the action of FGF-binding protein is one of the critical steps in rendering FGF bioavailable. FGF-binding protein is upregulated in several tumors including squamous cell, pancreatic, colon, and breast, and is associated with early stages of tumor formation, where angiogenesis plays a critical role [31] . Furthermore, the presence of FGF-binding protein can be rate-limiting for tumor growth and serves as an angiogenic switch molecule [32] .
Signal Transduction
FGF receptors, like other receptor tyrosine kinases, transmit extracellular signals to various cytoplasmic signal transduction pathways through the process of tyrosine phosphorylation ( Fig. 3 ) [33] . Activation of FGFRs by tyrosine phosphorylation leads to signal transduction through multiple pathways, including phospholipase Cγ (PLCγ) [34] , phosphatidylinositol 3-kinase (PI3K) [34] , mitogen-activated protein kinases (MAPK) [35] , protein kinase C (PKC), and signal transducers and activators of transcription (STATs) [36] . The biological outcomes of FGF/FGFR activation are dependent on a complex network of signaling and transcriptional events regulated by multiple factors. The specific biological response modulated, be it proliferative, apoptotic, or migratory, depends entirely on the interplay between these factors. These include the presence or abundance of a specific signal transduction molecule, the existence of specific feedback loops, crosstalk with other signaling networks, and the availability of target genes to be activated or repressed. Thus the MAPK signaling cascade is implicated in cell growth and differentiation, the PI3K/Akt signaling cascade is involved in cell survival and cell fate determination, while the PI3K and PKC signaling cascades have a function in the control of cell polarity.
Several feedback inhibitors of FGF signaling have now been identified and include members of the Sprouty (Spry) family and similar expression to FGF (Sef) [37, 38] . Spry inhibits FGF signaling by interfering with extracellular signal-regulated kinases (ERK) activation either by binding to and sequestering growth factor receptor-bound protein 2 (Grb2) or by binding to Raf1 and preventing Raf1 activation [39] . Spry1 and Spry2 are downregulated in several tumor types including breast [40] , prostate [41] [42] [43] , liver [44] , and lung [45] . This downregulation seems to correlate with an aggressive tumor phenotype. The mechanisms for Spry regulation appear to be tumor-type specific and include both epigenetic and nonepigenetic mechanisms. Sef is a transmembrane protein with homology to the interleukin (IL)-17 receptor family. Sef binds to FGFR-1 and FGFR-2 and prevents activation of the receptor tyrosine kinase [46] . Sef is also downregulated in several tumor types of epithelial origin including breast, thyroid, prostate, and ovarian cancers [47] [48] [49] . The downregulation of feedback inhibitors of FGF signaling in tumor cells, coupled with an increased expression of FGF ligands, will lead to enhanced tumor growth, progression, and metastasis.
Roles of FGFs indicated by knockout mice
Several FGF knockout mice have been generated to investigate the function of FGF genes (reviewed in reference [50] ). Phenotypes range from early embryonic lethality to subtle phenotypic alterations in adult mice. FGF knockout mice, such as FGF 4, 8, 9, 10, 15, 16, and 17 , that die in the embryonic or early postnatal stages of development indicate crucial roles for these genes in various development processes. By contrast, knockout mice that survive with subtle phenotypic alterations, such as FGF 2, 3, 5, 6, 7, 12, 16, 17, 21, may have functions that are redundant in mice. Moreover, FGFR-1 knockout mice die prior to gastrulation [51] , whereas chimeric mice for FGFR-1 deficiency that bypass the gastrulation block exhibit multiple limb and neuronal malformations [51] . Similarly, FGFR-2 knockout mice die in utero due to an inability to form the chorioallantoic fusion and/or portions of the placenta [52] . By contrast, FGFR-3 knockout mice exhibit increased growth of their long bones in association with kyphosis and pulmonary dysfunction [53] , FGFR4 knockout mice are generally normal and exhibit slightly attenuated growth [54] , whereas double mutants that are devoid of FGFR-3 and FGFR-4 exhibit marked defects in their pulmonary alveoli [54] .
FGF and Mechanisms of Tumorigenesis
The FGF receptor system is associated with multiple biological activities including cellular proliferation, differentiation, invasiveness, and motility that demonstrate the potential to initiate and promote tumorigenesis. Recent research into the oncogenic nature of this signaling network is increasing our understanding of the specific cellular processes at work and implicates an important role for aberrant FGF signaling in the natural history of some common human cancers [55] .
The FGFR-1-mediated MAPK kinase pathway is an important inducer of cell differentiation and growth and has been implicated in tumor cell proliferation [55] . Activated FGFR-1 can couple to Ras through two adaptor proteins, fibroblast growth factor receptor substrate 2 (FRS2), which acts as a docking protein, and src-homology-2-containing protein (Shc). However, the involvement of these pathways varies, with both adaptors being activated in the presence of proliferating cells, but only Shc activation occurring when cells are differentiating [56] . Indeed, it has been demonstrated that FGF-stimulated murine endothelial cells are capable of sustaining elevated MAPK levels for considerable periods of time in both proliferating and differentiating cells [56] . However, their differing response to treatment with a mitogen-activated protein kinase or extracellular signal-regulated kinase (MEK) inhibitor suggests that only for proliferating cells is sustained MAPK elevation a strict requirement. In contrast, Src kinase activity is a prerequisite for cellular differentiation. These data indicate that the Ras pathway is routed according to the cellular function required, with blockage of the Shc route attenuating differentiation.
Tumor Suppression
Evidence for a tumor suppressive role of FGFR was demonstrated in mice lacking epithelial FGFR-2b. These mice exhibited heightened sensitivity to chemical carcinogenic insult, displayed several oncogenic Ha-Ras mutations, and developed papillomas and squamous cell carcinomas [57] . These changes occurred in conjunction with an epidermal proinflammatory profile and decreased expression of Serpin a3b, a potential tumor suppressor. In a study of the effects of FGFR-1-IIIb expression in human pancreatic cancer mice models, FGFR-1-IIIb expression was shown to inhibit single-cell movement and in vitro invasion of pancreatic tissue as well as in vivo tumor formation and growth in nude mice [58] . Immunohistochemical analysis of the xenograft tumors revealed reduced Ki-67 labeling and a lower amount of tumor necrosis in FGFR-1-IIIb-expressing tumors. In contrast to FGFR-1-IIIc, FGFR-1-IIIb inhibited cell proliferation in this study, thus providing the first reported finding of a naturally occurring FGFR-1 variant that inhibits the growth of epithelial cell types. There is also some suggestion that a switch from FGFR-1-IIIc to -IIIb expression acts as progression from non-malignancy to invasive tumor, however, this is yet to be proven.
Cell Survival
Tumor cell survival pathways are an adaptive mechanism by which the tumor escapes the body's natural defenses, and are responsible, in part, for the development of drug resistance. In small cell lung cancer (SCLC) FGF-2 increases the expression of antiapoptotic proteins, XIAP and Bcl-X(L), and triggers chemoresistance. These effects are mediated through the formation of a specific multiprotein complex comprising B-Raf, PKCγ and S6K2, S6K1, Raf-1, and other PKC isoforms [59] . There is also some evidence to suggest that FGF-2 is a potent stimulator of breast cancer cell survival as it counteracts the apoptotic activity of the C2 ceramide analog and various chemotherapeutic agents, such as 5-fluorouracil, camptothecin, and etoposide, and has been found to be a predictor of poor prognosis for node-negative patients in a study of 111 patients with primary breast tumors [60, 61] . The antiapoptotic effect of FGF-2 is thought to be mediated through nuclear factor-κB activation induced via interaction between Akt and IκB kinase-beta in breast cancer cells [60] . However, paradoxically, FGF-2 has also been found to inhibit proliferation and promote programmed cell death/apoptosis in a number of human breast cancer cell lines, including MCF-7 and MB-134 [62] [63] [64] [65] . Overexpression of FGF-2 in breast cancer cells has been linked to good prognostic indicators and better patient outcomes in a large study of 1307 patients with primary breast cancers [66] , while other research in breast cancer cell lines has linked the development of a less malignant FGF-2-associated breast cancer phenotype to the effects of FGF-2 in reducing cell motility and invasion and in inducing a more differentiated phenotype [67, 68] . This process has been attributed to the downregulation of Bcl-2 and to the loss of laminin 5 expression, but no complete explanation of the uncharacteristic and conflicting activities of FGF-2 in breast cancer has yet been found [64, 69] . It may well be that differential expression of FGFR isoforms within breast cancer cells could result in either growth promoting or growth inhibitory effects depending on the individual isoforms expressed, which could explain this paradoxical effect. In experimental models, FGF-2, and to a lesser extent, FGF-1, have been shown to be involved in chemoresistance to drugs with diverse structures and mechanisms of action, including paclitaxel, doxorubicin, and 5fluorouracil. This effect is not associated with reduced levels of drug in the cell or altered cell proliferation [70] . Elevated FGF-2 expression has also been shown to be a strong indicator of paclitaxel resistance in tumors from patients with bladder, breast, head and neck, ovarian, and prostate cancers [71] .
FGF Signaling and Tumor Development
Overexpression of FGFs leads to progression, invasion, and metastasis in a variety of human tumors. However, in general, while FGF expression is associated with tumor progression (although uncharacteristically not always in breast cancer as previously discussed), FGFR expression is more selective. FGFR-1 expression is associated with tumorigenesis while FGFR-2 expression is associated with decreased tumor progression in some tumors, such as astrocytomas, bladder cancer, prostate cancer, and thyroid carcinomas [72] [73] [74] [75] . In other tumor types, such as skin carcinoma and oral carcinomas, FGFR-2 expression has been found to be associated with early tumor development [57, 76] . However, in one study of human mammary epithelial cells, aberrant expression of alternatively spliced FGFR-2 was related to tumor progression [77] . FGFR-3 can also be expressed as two different splice isoforms-FGFR-3-IIIb and -IIIc. However, there is no apparent link of either of these isoforms with cellular responses, which appear to be associated with the cell type or its differentiation status [78] . In addition, somatic mutations in FGFR-3 have also been linked to bladder cancer, cervical cancer, and multiple myeloma [78] .
FGFR expression in bladder cancers is particularly well characterized and some intriguing aberrations in FGF signaling pathways have been observed, indicating that FGFRs play a significant role in bladder cancer development [79] . FGFR-2 has been demonstrated to have tumor suppressor properties and loss of FGFR-2-IIIb expression is associated with decreased tumor formation in vivo, and with poor prognosis in bladder carcinoma [80] [81] [82] . A high incidence of FGFR-3 activating point mutations in exons 7, 10, and 15 of the FGFR-3 gene has also been observed in bladder carcinomas (approximately 40%), particularly those of the epithelium, with a number of different missense mutations identified [83] . The most common mutations found in bladder cancers, S249C and Y375C, represent highly activated forms of the receptor, generating an additional cysteine residue which results in ligandindependent dimerization of the receptor. Antibodies targeted against FGFR-3-IIIc have demonstrated anti-mitogenic effects [84] . FGFR-3 has also been found to be overexpressed in some invasive bladder carcinomas [85] .
FGF expression may also have a prognostic value. Detection of high levels of secreted FGF-2 at diagnosis has been linked to poor outcome in a study of patients with SCLC and bladder carcinomas; however, the levels of FGF-2 were not correlated with age, sex, performance status, or disease stage. High levels of FGF-2 were possibly a reflection of active angiogenesis and rapid tumor growth; patients with extensive disease and high FGF-2 were found to have a particularly poor prognosis [79, 86] . FGFR-1 expression and immunoreactivity are elevated in a number of human brain tumors including gliomas, meningiomas, and astrocytomas, possibly reflecting the prominent neovascularization observed in cerebral tumor growth [87] [88] [89] . However, in tissue samples from patients with glioblastoma multiforme, FGFR-1 expression was found to be confined to tumor cells, suggesting a direct effect of FGF on tumor growth [87] . The relative lack of FGFR-1 expression in endothelial cells from these patients suggests that angiogenesis occurs in a FGF-independent manner in this tumor type. The FGF-2/FGFR-1 axis in autonomous glioma was also found to promote cell growth and malignant progression [88, 89] .
FGF signaling is involved in a diverse range of biological functions in the liver, including homeostasis, and tissue regeneration, as well as tumor development [90] . The mRNAs of all four FGFRs have been reported in adult liver [91, 92] . Expression of FGF-1, FGF-2, and FGFR-1 mRNA is elevated in the livers of patients with HCC as are their activators FGF-1 and FGF-2. These results suggest that FGF may play an important role in the development and progression of HCC via an autocrine mechanism [93] . In cooperation with an initiator, sustained FGFR-1 activity in hepatocytes is a strong promoter of HCC by initially driving cell proliferation and subsequently enhancing neoangiogenesis at late stages of tumor progression [94] .
Multiple FGFs are expressed either as autocrine or paracrine growth factors in prostate cancer tissue. High levels of expression of FGF-2 are present in metastatic prostate cancer cells, and patients with prostate cancer have elevated levels of serum FGF-2 [95] . Furthermore, FGF-2 concentrations are almost 2.5-fold higher in clinically localized cancer tissue compared with normal prostate tissue [96] . Increased expression of FGF-2 is associated with transformation and progressive loss of differentiation [97] . More than 80% of prostate cancers express FGF-1 in the cancer cells and that strong expression is correlated with increased Gleason score [97] . FGFR-1 is expressed in approximately 20% of moderately differentiated cancers and 40% of poorly differentiated clinically localized cancers based on immunohistochemistry and Western blotting of prostate cancer extracts, but is not detected in well-differentiated cancers [98] . In oral squamous cell carcinomas, evidence suggests the expression of FGF-2 and FGFR-1 in fibroblasts at the invasive front indicating a potential for interaction of the cancer cells with the host stroma. FGF-2 has been shown to enhance the ability of host fibroblasts to produce a variety of growth factors including hepatocyte growth factor, transforming growth factor-beta, and matrix metalloproteinase, thus providing a possible explanation of their increased invasiveness [99] .
At least several FGFs (FGF-1, FGF-2, FGF-5, keratinocyte growth factor [KGF]) are overexpressed in pancreatic ductal adenocarcinoma (PDAC), a cancer that has a very poor prognosis [13, 25, 100, 101] . In addition, the 2-Ig form of FGFR-1, isoforms FGFR-1-IIIb and -IIIc, KGFR and FGFR-2 are overexpressed in this cancer [101] [102] . The important role in PDAC of the aberrant FGF-FGFR autocrine and paracrine pathways that are activated by these overexpressed ligands and receptors is evidenced by the observation that blocking FGFR signaling by dominant negative strategies markedly attenuates in vitro and in vivo growth of pancreatic cancer cells [103, 104] , and that overexpression of these FGFRs in pancreatic cells leads to enhanced activation of mitogenic signaling pathways and promotion of in vivo tumorigenicity [101, 102] . In addition, correlative studies have shown that increased FGF-2 expression is associated with decreased patient survival in PDAC [13] , and that enhanced expression of KGF and KGFR (FGFR2IIIb) is associated with venous invasion by the tumor, enhanced VEGF-A expression, and poor prognosis [105] .
Angiogenesis is also increasingly seen as relevant to the study of hematological malignancies. In multiple myeloma, the progression from undifferentiated gammopathy to active disease is marked by an increase in both bone marrow microvascular density and plasma levels of FGF-2, while increased levels of angiogenesis are also seen in acute lymphocytic leukemia, chronic lymphocytic leukemia, acute myelogenous leukemia chronic myelogenous leukemia, myelodysplastic syndrome, and non-Hodgkin's lymphoma [106] .
Deregulation of the FGF/FGFR system appears to be part of the development of hematopoietic malignancies, and current understanding of this area is growing. FGF signaling has been shown to be antimitogenic and apoptotic in multiple myeloma [107] . Evidence exists of a paracrine interaction between myeloma cells and the bone marrow through mutual stimulation of FGF-2 and IL-6, while IL-6 has been shown to interact with the FGFR-3 signaling pathway [108, 109] . FGFR-3 is known to be overexpressed in t(4;14) multiple myeloma and to be oncogenic when targeted by FGF ligands in the bone marrow microenvironment. Recent research has also shown that FGFR-3 may play a Ras-like role in tumorigenesis, perhaps through the down-stream activation of macrophage inflammatory protein (MIP)-1alpha [110, 111] . The t(4;14) translocation also involves the multiple myeloma SET domain (MMSET), which is universally overexpressed in t(4;14) multiple myeloma, whereas FGFR-3 expression is lost in one third of cases. Thus, the relative impact of each gene set is unclear [112] . The lack of correlation between plasma FGF-2 levels and bone marrow vascularity indicates the presence of additional growth factors too.
Role of FGF and FGFR in Tumor-Stroma Interactions
Normal homeostasis of many organs is dependent upon reciprocal communication between the epithelial and stromal compartments. Signals from the stroma to the epithelium contribute to this homeostasis. FGF7 and FGF10 are stromal-derived FGFs in the prostate that signal to FGFR2IIIb in the epithelium. FGF9 produced by the epithelium signals to the some stromal cell types but not others [113] . These results suggest that epithelial control of the stroma may be one determinant as to whether prostate tumors progress to malignancy or remain dormant. FGF9, as well other FGFs (FGF2 and FGF17), have been reported to be expressed in the stroma. Thus bidirectional signaling is mediated by multiple FGFs and in the case of FGF9, the response is likely dictated by the expression of FGFR3 which is expressed exclusively in the stromal compartment [8] . Studies in a melanoma model of progression and metastasis indicate that FGF-2 induces VEGF-A-dependent angiogenesis in the stroma surrounding nascent tumors which supports increased tumor growth and metastasis [114] . Additional studies indicate that TGFβ may also play a role in tumor stroma interactions through TβRII/Smad3-dependent upregulation of FGF2 resulting in increased tumor mass and vascularity [115] . Therefore, multiple FGFs play roles in tumor-stroma interactions which determine the rate of tumor growth and extent of metastasis.
FGF Signaling in Epithelial-Mesenchymal Transition
Epithelial-Mesenchymal Transition (EMT), a process where epithelial cells acquire a motile, invasive mesenchymal-like phenotype, plays a critical role in cancer progression and metastasis. Epithelial cell characteristics are altered during EMT, including changes in the expression of extracellular matrix proteins, proteins involved in cell adhesion and cell-cell interactions and transcription factors [116] . Key among these changes is the upregulation of the transcriptional repressor Slug and its target E-cadherin. FGF1 induces Slug expression in an in vitro model of EMT using the NBT-II bladder carcinoma cell line, in which desmosomes dissociate, and cells begin to spread and migrate [117] . Furthermore, a down stream effector of the FGFR and PI3-kinase pathway, P70 S6 kinase mediates increased expression of Slug and decreased expression of E-cadherin [118] . During EMT when Ecadherin expression is decreased, there is a concomitant increase in N-cadherin expression [118, 119] . Interestingly, N-cadherin and FGF2 act synergistically in breast cancer cells to increase cell invasion and migration, and to enhance the expression of matrix metalloproteinase 9. N-cadherin prevents ligand mediated down regulation of FGFR1, leading to increased receptor signaling, sustained ERK activation and suggests a mechanism whereby the FGF signaling system participates in EMT and establishment of the metastatic phenotype.
Role of FGF Signaling in Tumor Angiogenesis
Angiogenesis, or neovascularization, plays a key role in the growth and metastasis of tumors. The local, uncontrolled release of angiogenic growth factors is responsible for the uncontrolled endothelial cell proliferation that takes place during tumor neovascularization. FGFs are among the earliest described angiogenic factors [120, 121] and are known to be involved in stimulating the proliferation, migration, and differentiation of vascular cells. Experimental evidence suggests that FGFs and their receptors can induce a "pro-angiogenic" phenotype to create a favorable environment for vasculature growth. This is achieved through modulation of endothelial cell proliferation and migration, the production of proteases, promotion of integrin and cadherin receptor expression, and communication across intercellular gap junctions [122] .
FGF has a direct effect on tumor angiogenesis by promoting cell proliferation in FGFRexpressing endothelial cells. FGFR-1 is the main FGFR to be expressed on endothelial cells, although FGFR-2 is also present in small amounts [122] [123] [124] . There has been some suggestion that the role of FGFR-2 on endothelial cells is limited to cell motility, however, this has not been proven [122] . The expression of FGFR-3 or FGFR-4 has not been reported in endothelium. There is a suggestion that FGF-binding protein can serve as an angiogenic switch for different tumor cells [32] . In mouse models of squamous cell and colon carcinomas, the growth and angiogenesis of human xenograft tumors was decreased linearly with the reduction of FGF-binding protein.
FGFs and other proangiogenic factors have also been implicated in the emerging phenomenon of resistance to vascular endothelial growth factor receptor-2 (VEGFR-2) inhibition. Phenotypic resistance to VEGFR-2 blockade in late-stage tumors has been demonstrated in vivo in mouse models of pancreatic islet cell carcinoma, as tumors regrew following an initial period of growth suppression. This loss of activity has been linked to reactivation of tumor angiogenesis. FGF inhibition by adenoviral mediated expression of soluble FGFR-2 in this model was found to re-establish tumor inhibition, producing a significant reduction in tumor burden compared with the anti-VEGFR-2 treatment alone [125] .
Cross Talk
Individual tumors produce a variety of angiogenic factors, whose relative production can change over time. Evidence suggests that expression of pro-and anti-angiogenic factors changes with tumor progression, and that tumor cells express distinct levels of angiogenic factors at different stages of tumor progression [126] . VEGF is a prominent regulator of angiogenesis. An intimate cross talk is thought to exist among FGF-2 and the different members of the VEGF family during angiogenesis. It is thought that FGF-2 and VEGF synergistically stimulate vascularization, but with distinct effects on vessel functionality and tumor survival. VEGF is thought to appear earlier in the initiation of angiogenesis than FGF, although FGF shows both early and late phase angiogenic stimulation ( Fig. 4) [127] . It is known that simultaneous expression of FGF-2 and VEGF results in fast-growing tumor xenografts in nude mice with high vessel density, patency, and permeability, but that inhibition of FGF-2 production decreases vessel density [128] .
FGF-2 may also induce neovascularization indirectly by activation of the VEGF/VEGFR pathway. Surprisingly, when VEGFR-2 antagonists were administered to VEGF and FGF-2 mouse models of angiogenesis, both VEGF-and FGF-2-induced angiogenesis were inhibited in vitro and in vivo [129] . Expression of dominant-negative FGFR-1 or FGFR-2 in glioma cells also results in a decrease in tumor vascularization paralleled by VEGF downregulation [130] . In mouse models, both endogenous and exogenous FGF-2 modulated VEGF expression in endothelial cells, and in the mouse cornea, systemic administration of anti-VEGF-A neutralizing antibodies dramatically reduced FGF-2-induced vascularization [131] . VEGFR-1-blocking antibodies or the expression of a dominant-negative VEGFR-1 have also been found to result in a significant reduction of FGF-2-induced cell extensions and capillary morphogenesis [132] , while FGF-2 has been shown to upregulate the expression of both FGFRs and VEGFRs in endothelial cells [133] . Further evidence of cross talk is provided through studies of the indirect effects of FGF-2 on vascular smooth muscle cell (VSMC) migration, which also induces the VEGF pathway. Neuropilin-1 (NRP-1) is a co-receptor for VEGF, enhancing VEGF interactions with VEGFRs. FGF-2 increases NRP-1 expression in human VSMCs that in turn enhance the effect of VEGF on cell migration and promote neovascularization [134] . In T47D breast cancer cells, FGF-2 has demonstrated interactions with VEGF pathways by augmenting hypoxia inducible factor (HIF)-1-alpha expression and subsequent VEGF release [135] . FGF-2 also promotes lymphangiogenesis by activating the Akt/mammalian target of rapamycin (mTOR)/p70S6 kinase pathway in lymphatic endothelial cells [136] . In addition to its VEGF modulatory role, FGF-2 acts as a sensitizer for endothelial cells, enhancing their ability to respond to platelet-derived growth factor (PDGF)-BB, which feeds back to VSMCs to enhance their responses to FGF-2 stimulation [137] . The underlying mechanisms of this reciprocal interaction involve upregulation of PDGFR-α and -β expression at the transcriptional level in endothelial cells by FGF-2 and upregulation of FGFR-1 expression in VSMCs by PDGF-BB [137] . The biological consequence of such a reciprocal interaction in tumors is manifested by hyper-neovascularization and a disorganized, primitive tumor vasculature, which is poorly coated with pericytes and VSMCs. These alterations of tumor blood vessels lead to an accelerated tumor growth rate and metastasis [137] .
FGF Signaling and genetic diseases
Disrupted FGF signaling plays a role in several human inherited diseases. For example, germline activating mutations of FGFRs 1-3 are associated with a range of skeletal disorders, including the common forms of dwarfism [138, 139] . Mutations in FGF-1 and -8 are associated with hypogonadism [140, 141] . In addition, overexpression, or mutations in FGF-23 are associated with hypophosphatemic diseases such as hypophosphatemic rickets, tumor-induced osteomalacia and McCune Albright syndrome [142] . Understanding the underlying role of FGFs/FGFRs in these diseases will ultimately lead to better treatment.
CONCLUSION
The FGF signaling network has an important role in tumor development and progression through its effects on cancer cell proliferation, migration, and survival and its proangiogenic activity, and therefore presents a significant therapeutic opportunity. FGF can act synergistically with VEGF to amplify tumor angiogenesis by direct regulation of VEGF expression, via induction of VEGFR, or indirectly by promoting HIF-1. Thus, targeting both FGF and VEGF pathways may be more efficient in suppressing tumor growth and angiogenesis than targeting either factor alone. Furthermore, FGF has the potential to overcome chemotherapy resistance by inducing tumor cell survival pathways. This may have important clinical applications in that chemotherapy may be more effective when combined with FGF inhibitor therapy. In addition, FGFRs demonstrate variable activity in promoting tumorigenesis. FGFR-1 is associated with tumor progression, whereas FGFR-2 is associated with either early tumor development or decreased tumor progression; however, mutations in FGFR-2 have the ability to drive tumor progression in some tumor types. These activities may have important implications for targeting specific tumor types that overexpress FGFRs.
FUTURE DIRECTIONS
Certain cancers appear to have usurped, through a variety of mechanisms, various components of the FGF receptor signaling network to promote tumor growth and metastasis. In such cancers, it is likely that inhibiting relevant FGF receptors and their downstream signaling pathways will allow for targeting these cancers in a highly specific manner. Such an approach may include sequestering FGFs with soluble receptors or binding proteins, targeting the cell-surface receptors with high specific monoclonal antibodies and/or small molecule inhibitors, abrogating the function of co-receptors that facilitate ligand-receptor interactions, blocking signaling pathways that are downstream of FGF receptors, and activating mechanisms that inhibit FGF receptor signaling. In conjunction with proteomic and genomic approaches to delineate tumor markers related to FGF receptors and ligands, such targeted therapies will allow for the design of individualized protocols that will be more effective than current therapeutic regimens, while potentially minimizing any associated side effects. Targeted therapies could also be combined with conventional chemotherapy and or radiotherapy, immune therapy, or additional anti-angiogenic therapy, in order to maximally prolong patient survival, eliminate residual cancer cells, prevent cancer cell metastasis, or induce a state of tumor dormancy.
As we improve our understanding of the pathobiology of human cancers and of the connection between microRNAs and other non-coding RNAs and their relationships to classical FGF receptor signaling cascades, it is possible to imagine that targeting oncogenic microRNAs in conjunction with targeting FGFs and their receptors could lead to novel therapeutic strategies. Moreover, it is conceivable that advances in nanotechnology could lead to improved drug delivery systems that will eliminate systemic side effects. Further studies are necessary to explore these exciting possibilities.
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